Objective: Patients with schizophrenia experiencing delusions and hallucinations can misattribute their own actions to an external source. The authors test the hypothesis that patients with schizophrenia have defects in their ability to predict the sensory consequences of their actions.
Sel f-monitoring is fundamental to normal cognitive functions in planning, controlling, and anticipating the consequences of motor acts (1) . Prediction plays a key role in such monitoring, allowing a comparison between expected and actual outcomes of an action to be computed (2, 3) . An efference copy of the outgoing motor command in conjunction with a predictive model can be used to generate such a prediction (4) . One role of this predictive process is to permit the sensory consequences of a movement to be anticipated and used to attenuate the perceptions related to these sensations, thereby enhancing the salience of sensations that have an external cause (5) (6) (7) . An additional role may be to label movements as generated by oneself or by an external source. If predicted sensory consequences match the actual sensory consequences, the movement is labeled as one's own. However, if the predicted and actual sensory consequences are discordant, as when one's arm is passively moved by someone else, the movement is labeled as externally generated.
A dysfunctional predictive mechanism would lead to incorrect predictions, causing the misattribution of selfgenerated actions as externally generated. Patients with schizophrenia can demonstrate just such difficulties, when self-generated actions are experienced as being of alien origin-delusions of control or the misperception of self-generated speech as an auditory hallucination (8) . Both psychophysical and neuroimaging studies have suggested that self-monitoring may be dysfunctional in patients with schizophrenia (9, 10). Here we directly test the hypothesis that patients with schizophrenia have a defect in their ability to predict the sensory consequences of their actions.
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We have previously shown (11) that although healthy subjects are accurate at reproducing a target force when using a joystick, they significantly overestimate the force required when it is directly self-generated. In other words, they exert a greater force than the target when they are using their index finger to make the match. This occurs because self-generated forces are perceived as weaker than externally generated forces of the same magnitude, which arises from a predictive process in which the sensory consequences of the movement are anticipated and partially removed from the perception. Our hypothesis in the current study was that patients with a diagnosis of schizophrenia would be more accurate than healthy subjects in reproducing the external force. This increased accuracy would reflect the failure of the normal sensory attenuation mechanism due to a dysfunctional sensory predictive process.
During the joystick condition, subjects reproduce the external force by using their right index finger to move a joystick that controls the force output of a torque motor. In this situation the active hand is not generating the force directly, but the movement of the hand is translated into a force through the torque motor. It has been shown that in this unusual situation, predictive mechanisms are not em-ployed (12); we anticipated that both patients and healthy subjects should be accurate at this task.
Method
We used a recently developed force-matching task that allows us to quantify the sensory attenuation of self-produced stimuli (11) ( Figure 1 ). A target force is applied to the subject's left index finger by a torque motor. Subjects are then required to reproduce the force they just experienced, either directly by pressing with the index finger of their right hand or indirectly by using a joystick controlling the torque motor. Forty right-handed subjects-20 with a DSM-IV diagnosis of schizophrenia and 20 healthy volunteers-participated in the study after providing informed consent and after all experimental protocols were approved by a local ethics board.
Results
The 20 patients and 20 healthy volunteer subjects were well matched for age (patients' mean age=36.4 years, SD= 13.4; volunteers' mean age=35.9, SD=14), gender (12 in each group were men), handedness, and premorbid IQ (13) (patients' mean=110, SD=8; volunteers' mean=114, SD=6). All patients except one were treated with antipsychotic medication, the majority with atypical antipsychotic medication, but all were still moderately symptom-
FIGURE 1. Matching Force Generated by 19 Patients With Schizophrenia and 19 Healthy Volunteers Using the Right Index Finger or Joystick as a Function of the Externally Generated Target Force a
a Dotted line represents perfect performance. On each trial the torque motor generated a force between 0.5 and 2.75 Newtons on the left index finger for 3 seconds (80 trials in a pseudo-randomized order). Subjects were then required to reproduce the force either by pushing with their right index finger or by using a joystick that controlled the torque motor. Each subject participated in both conditions in a counterbalanced order. The applied forces were measured by using a force transducer mounted in the lever of the torque motor. 
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Force generated by using the joystick F F atic; their mean score on the Brief Psychiatric Rating Scale (14) was 36. Most patients had prominent positive symptoms: 16 subjects had a score of 4 or more on items related to suspiciousness or hallucinatory behavior. Two participants (one patient and one healthy volunteer) were found to have produced matching forces that did not significantly correlate with the corresponding target forces in either task (r 2 <0.04, p>0.10). We concluded that they had not properly understood the instructions and removed their data from further analysis.
All participants consistently applied a greater force when using their right index finger to directly match the externally applied target force; they consistently underestimated the force they were applying because their perception of the force was likely to be attenuated. To quantify attenuation in the patients and healthy subjects, we calculated the percentage of the matched force by which the matched force exceeded the target force. The patients were more accurate at the task, showing 27.5% attenuation (Figure 1, red circles) , compared with 43.5% in the comparison group (Figure 1 , blue circles). When subjects matched the target force using the joystick, both patients and healthy volunteers reproduced the original force much more accurately (Figure 1, diamonds) . A repeated-measures two-way analysis of variance (patients versus healthy subjects and direct versus joystick) of the mean matching force normalized by the mean target force showed a significant interaction (F=4.88, df=1, 36, p<0.04). This interaction arose from the patients having significantly less attenuation in the direct force-generation task (simple main effect F=4.71, df=1, 36, p<0.04) but no significant difference from the healthy subjects in the joystick task (simple main effect F=0.16, df= 1, 36, p=0.69).
Discussion
The results show that self-generated forces were attenuated less in the patient group, suggesting a dysfunction in their ability to predict the sensory consequences of their actions. This would be in accord with previous imaging data in the verbal domain (10) . Although most of the patients were treated with antipsychotic medication, the absence of any difference between patients and healthy volunteers in the joystick matching task suggests that there was no systematic effect of medication on motor performance; indeed, there was no significant correlation between the chlorpromazine equivalents of medication and the degree of attenuation demonstrated by patients. The present study provides support for the presence of a dys-functional sensory predictive mechanism in schizophrenia. Future work planned to follow up this interesting finding will concentrate on clarifying the state versus trait nature of this deficit by examining patients longitudinally over time, with changes in symptom profile, and the specificity of this deficit for schizophrenia by examining patients with a diagnosis of bipolar disorder also treated with antipsychotic medication.
